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Cholesterol is known to play an important role in stabilizing particular cellular membrane structures,
so-called lipid or membrane rafts. For several viruses, a dependence on cholesterol for virus entry and/or
morphogenesis has been shown. Using flow cytometry and fluorescence microscopy, we demonstrate that
infection of cells by canine distemper virus (CDV) was not impaired after cellular cholesterol had been depleted
by the drug methyl-�-cyclodextrin. This effect was independent of the multiplicity of infection and the cellular
receptor used for infection. However, cholesterol depletion of the viral envelope significantly reduced CDV
infectivity. Replenishment by addition of exogenous cholesterol restored infectivity up to 80%. Thus, we
conclude that CDV entry is dependent on cholesterol in the viral envelope. Furthermore, reduced syncytium
formation was observed when the cells were cholesterol depleted during the course of the infection. This may
be related to the observation that CDV envelope proteins H and F partitioned into cellular detergent-resistant
membranes. Therefore, a role for lipid rafts during virus assembly and release as well is suggested.

Canine distemper virus (CDV) belongs to the family
Paramyxoviridae and is classified within the genus Morbillivirus.
This genus includes several closely related viruses, among them
measles virus (MV). Two virus-encoded glycoproteins, the
hemagglutinin (H) and the fusion (F) protein, are integrated
into a lipid envelope that surrounds the ribonucleoprotein
core. The H protein mediates adsorption to the cell by inter-
action with the cellular receptor, the signaling lymphocytic
activating molecule (SLAM; also known as CD150) (43, 48).
Upon receptor binding, a conformational change in the F pro-
tein initiates the fusion of the viral and plasma membranes
(17).

The raft hypothesis claims that lipids and proteins are not
distributed randomly in the plasma membrane but that sphin-
golipids and cholesterol form microdomains with an increased
structural order, which are designated liquid ordered domains
in model membranes. The tight packaging of the sphingolipids
with their saturated fatty acid chains is maintained by the
presence of cholesterol, and several proteins partition into
these membrane domains (37). As a result of the tight pack-
aging, the microdomains resist solubilization by anionic deter-
gents at 4°C (6) and are therefore also designated detergent-
resistant membranes (DRMs). Extraction of cholesterol by
various chemicals destroys this order and renders the compo-
nents of the microdomains soluble to detergents. DRMs may
be the structural basis of membrane rafts. However, it should
be noted that solubilization of proteins and lipids may differ
depending on the type of detergent used. Therefore, different
types of membrane rafts may exist.

The essential role of cholesterol in different aspects of the

replication cycle has been clearly demonstrated for several
viruses (reviewed in references 23, 27, and 40). Virus entry may
be one critical step requiring cholesterol (32, 36). For envel-
oped viruses, two membranes are involved in the fusion pro-
cess. Successful virus entry may require cholesterol in either
membrane or in both or may be cholesterol independent. Mu-
rine leukemia virus is sensitive to cholesterol depletion from
the cellular but not the viral membrane (21), whereas the
reverse has been demonstrated for influenza virus (35, 39, 42).
In contrast, human immunodeficiency virus (HIV) and herpes
simplex virus require cholesterol in both membranes (4, 12,
18–20, 22), while vesicular stomatitis virus (VSV) replication
appears to be completely cholesterol independent (7, 15, 31,
33).

There exist several reports concerning the importance of
cholesterol/membrane rafts for the assembly of different
paramyxoviruses. It has been shown that MV glycoproteins
partially segregate into DRMs (24, 46). For Sendai virus, res-
piratory syncytial virus, and Newcastle disease virus (NDV),
protein interactions with DRMs have been demonstrated (1, 9,
25). Recently, Laliberte et al. (16) investigated the role of lipid
rafts for NDV assembly and also showed that NDV envelope
cholesterol is not necessary for virus entry. However, there are
no reports describing the role of cell membrane cholesterol/
membrane rafts in paramyxovirus entry or the role of virion
cholesterol in morbillivirus entry. Previous investigations re-
port that cholesterol metabolism is changed in persistently MV
infected cells (2, 3). We investigated the requirement for cho-
lesterol within the viral envelope as well as in the cellular target
membrane in the initiation of CDV infection. We show that
CDV does not require cholesterol in the plasma membrane,
but does require cholesterol in the viral envelope, for efficient
infection of Vero cells. Furthermore, syncytium formation in
CDV-infected cells is reduced when the cells are cholesterol
depleted during the course of infection, suggesting a role of
cholesterol in the CDV glycoprotein-containing membrane for
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an efficient attachment/fusion process. The functional impor-
tance of cholesterol for the CDV envelope proteins was sup-
ported by our finding that the CDV H and F proteins partially
partitioned into DRMs. Therefore, membrane rafts might also
be necessary during the assembly process.

MATERIALS AND METHODS

Cells and viruses. Vero cells and B95a cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 5% fetal calf serum (FCS) and
were passaged twice a week. Vero cells constitutively expressing canine SLAM
(Vero-SLAM cells) (49), were cultured like Vero cells with an additional 0.5
mg/ml Zeocin. MDCK II cells were cultured in Eagle’s minimal essential me-
dium containing 5% FCS and were passaged twice a week. Two recombinant
strains of CDV containing insertions of enhanced green fluorescent protein
(eGPF) were used. The insertion site for eGFP in strain Onderstepoort is in
front of the nucleocapsid (N) gene, while it is in front of the polymerase (L) gene
in the virulent strain 5804P (41, 47, 49). VSV strain Indiana, with eGFP inserted
downstream of the G gene, was obtained from Gert Zimmer. The Beaudette
strain of infectious bronchitis virus (IBV) was provided by Dave Cavanagh,
Compton, United Kingdom. The rabbit antiserum against IBV was a kind gift
from Christine Winter (51). All viruses were propagated and plaque-titrated with
0.8% (wt/vol) methylcellulose (Sigma) in DMEM on Vero cells.

Immunofluorescence assay. For immunofluorescence analysis, cells grown on
coverslips were fixed with 3% paraformaldehyde (Merck) in phosphate-buffered
saline (PBS) for 20 min at room temperature. Cells infected with viruses ex-
pressing eGFP were mounted in Mowiol (Calbiochem). Cells infected with IBV
were visualized by immunostaining. For this purpose, cells were permeabilized by
treatment with 0.2% Triton X-100 (Serva) in PBS for 5 min at room temperature
and washed three times with 1 ml PBS. Cells were incubated with 200 �l rabbit
anti-IBV (�-IBV) serum, diluted 1:200 in PBS, for 1 h at room temperature and
were subsequently washed three times with 1 ml PBS. Thereafter, cells were
incubated with 200 �l of fluorescein isothiocyanate-conjugated goat �-rabbit
immunoglobulin G (IgG) (Sigma), diluted 1:500 in PBS, for 1 h at room tem-
perature, washed as before, and mounted in Mowiol (Calbiochem).

Flow cytometric analysis. For flow cytometry, 2 � 105 cells were used. Ad-
herent cells were washed three times with 1 ml PBS, and the supernatants were
collected in a centrifuge tube. To detach the cells from the bottom of the well,
200 �l trypsin was added to each well and incubated at 37°C for 10 min.
Thereafter, the cells were resuspended in 1 ml PBS, added to the supernatants
of the preceding washing steps, and spun down at 400 � g for 7 min at 4°C. The
pellet was resuspended in 1 ml PBS, transferred to a 1.5-ml reaction tube, and
centrifuged at 420 � g for 7 min at 4°C. Cells infected with a virus expressing
eGFP were resuspended in 400 �l 1% paraformaldehyde (Merck) in PBS, fixed
for 2 h at 4°C, and analyzed by flow cytometry. IBV-infected cells were immu-
nostained prior to flow cytometry. For this purpose, the cell pellets were incu-
bated for 1 h at room temperature in 200 �l rabbit �-IBV serum, diluted 1:200
in PBS. Thereafter, cells were washed three times with 1 ml PBS and centrifuged
at 420 � g for 7 min at 4°C. Cells were then incubated for 1 h at room
temperature in 200 �l of fluorescein isothiocyanate-conjugated �-rabbit IgG as
a secondary antibody (Sigma), diluted 1:500 in PBS. After three further washing
steps, the cell pellets were resuspended in 400 �l PBS each and immediately
analyzed by flow cytometry. As a negative control, mock-infected cells were
immunostained.

Cholesterol depletion and virus entry assays. (i) Extraction of cellular cho-
lesterol with M�CD. In a total volume of 1 ml DMEM containing 5% FCS, 2 �
105 Vero cells were seeded per well of a 24-well plate and incubated in a CO2

incubator overnight. Cells were washed twice with 1 ml PBS, and concentrations
of methyl-�-cyclodextrin (M�CD) (stock, 250 mM in double-distilled H2O;
Sigma) ranging from 0 to 15 mM, diluted in DMEM, were added to each well in
a total volume of 250 �l. After incubation for 30 min at 37°C, M�CD was
removed by washing the cells three times with 1 ml PBS.

(ii) Determination of cell viability after cholesterol extraction. Cell viability
was determined by propidium iodide (PI) (Sigma) staining (28, 41). Cells were
detached from the 24-well plate by incubation with 200 �l trypsin for 10 min at
37°C. After resuspension in 1 ml PBS, they were transferred to a 1.5-ml reaction
tube and pelleted at 420 � g for 7 min at 4°C. For staining, cells were resus-
pended in 500 �l PBS, and 2 �g/ml PI was added. After incubation for 5 min at
room temperature, the percentage of stained cells was determined by flow cy-
tometry. Cells that were not stained with PI were used as a negative control to
determine autofluorescence.

(iii) Measurement of cellular cholesterol. To measure the effect of M�CD
treatment, the cellular cholesterol content was determined using the “Cho-
lesterin Farb Test” (Roche). A total of 2 � 107 Vero cells were seeded in a
162-cm2 cell culture flask in a total volume of 30 ml DMEM containing 5% FCS
and incubated in a CO2 incubator overnight. The cell layer was washed twice with
20 ml PBS. Cells were treated either with 7.5 ml DMEM or with the same volume
of DMEM containing 7.5 mM M�CD and were incubated on a rocking platform
for 30 min at 37°C. Thereafter, the cells were washed three times and detached
by treatment with 2 ml trypsin for 10 min at 37°C. The number of cells, resus-
pended in 10 ml PBS, was determined using a Thoma cell counting chamber.
Equal cell numbers of both samples were spun down at 400 � g for 7 min at 4°C.
The pellet was resuspended in 1 ml PBS and pelleted at 18,000 � g for 1 min at
4°C. Subsequently, the pellets were resuspended in 400 �l lysis buffer (20 mM
Tris, 137 mM NaCl, 10% [vol/vol] glycerol, 1% [vol/vol] Triton X-100, 2 mM
EDTA, 50 mM �-glycerolphosphate, 20 mM sodium pyrophosphate). Cell lysis
was accomplished during a 20-min incubation at room temperature with vortex-
ing of the cells every 5 min. The cholesterol content was determined, based on a
colorimetric reaction, according to the manufacturer’s instructions.

(iv) Infection efficiency after cholesterol depletion of cellular membranes.
Cells were either medium treated or cholesterol depleted as described above and
subsequently either mock infected or infected with 250-�l virus dilutions in
DMEM at multiplicities of infection (MOIs) of 0.001, 0.005, 0.01, 0.05, or 0.1,
respectively, and incubated at 37°C for 1 h. After the adsorption period, cells
were supplied with 1 ml methylcellulose (0.8% [wt/vol] in DMEM). Cells in-
fected with VSV, IBV, and CDV-5804P were further processed 1 day postinfec-
tion, and cells infected with CDV-Onderstepoort were further processed 2 days
postinfection, either for immunofluorescence analysis or for flow cytometry.

(v) Infection efficiency after cholesterol extraction from viral membranes. A
total of 2 � 105 Vero cells in a volume of 1 ml DMEM containing 5% FCS were
seeded per well of a 24-well plate and incubated at 37°C overnight. The next day,
the cell layer was washed three times with 1 ml PBS. Virus suspensions with a
titer of 8 � 104 PFU/ml were treated for 30 min at 37°C with M�CD (Sigma) at
concentrations ranging from 0 to 20 mM. Thereafter, 250 �l of the virus or an
equal amount of medium was applied to the cell layer and incubated for 1 h at
37°C. Subsequently, cells were washed three times, overlaid with 1 ml methyl-
cellulose (Sigma) (0.8% [wt/vol] in DMEM), and incubated as described above.
Cells were processed 1 day postinfection either for immunofluorescence or for
flow cytometry analysis as described before to determine the infection efficiency.

(vi) Replenishment of cholesterol. After extraction of viral cholesterol as
described above, virus was treated either with medium alone or with medium
containing exogenous cholesterol (stock, 50 mM in ethanol; Sigma) at final
concentrations ranging from 50 to 500 �M for 30 min at 37°C. Thereafter, cells
were infected with these virus samples and prepared for immunofluorescence or
flow cytometry analysis as described above.

(vii) Syncytium formation. To study the development of CDV-induced syncy-
tium formation in the absence of cholesterol, 2 � 105 Vero cells in 1 ml DMEM
containing 5% FCS were seeded per well of a 24-well plate and incubated at 37°C
overnight. The next day, the cells were washed once with 1 ml PBS, and there-
after the cells were treated with 250 �l medium or infected with 250-�l virus
dilutions at an MOI of 0.1 for 1 h at 37°C. Alternatively, cells were transfected
with the pCG eukaryotic expression vectors carrying the CDV-Onderstepoort H
and F genes (50) by using Lipofectamine (Invitrogen) according to the manu-
facturer’s instructions. DNA uptake was allowed for 2 h. Subsequently, the virus
inoculum or Lipofectamine/DNA, respectively, was removed by three washing
steps as described before, and cellular cholesterol was extracted by treatment
with 7.5 mM M�CD (Sigma) in a volume of 250 �l DMEM for 30 min at 37°C,
while control cells were treated with an equal volume of medium. M�CD was
removed by three washing steps as described before. To prevent replenishment
of cellular cholesterol either by cholesterol uptake from the medium or by
endogenous synthesis, cholesterol-depleted cells were provided with methylcel-
lulose (Sigma) (0.8% [wt/vol] in DMEM) containing 5% delipidized FCS (Pan-
Biotech), 10 �M mevastatin (Sigma), and 25 �M mevalonolactone (Sigma) (14).
Control cells were overlaid with methylcellulose containing 5% FCS. After in-
cubation at 37°C, cells were fixed 1 or 2 days postinfection with 3% paraformal-
dehyde (Merck) in PBS and mounted in Mowiol (Calbiochem).

(viii) Quantification of syncytia. Syncytia were quantified by counting nuclei
involved in syncytia using a fluorescence microscope, taking advantage of eGFP
expression. Syncytia were defined as cells containing more than three nuclei. The
size of syncytia was defined by the number of nuclei per syncytium, and the
amount of syncytia was determined by the number of syncytia per counting grid.

Isolation of DRMs. A total of 3 � 107 Vero cells were seeded per 162-cm2 flask
in 20 ml DMEM containing 5% FCS and incubated overnight. The next day, the
cells were infected with CDV-Onderstepoort at an MOI of 0.1 in a volume of 10
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ml DMEM for 1 h at 37°C. Thereafter, the inoculum was replaced by 20 ml
DMEM containing 5% FCS and incubated for 1 day. Subsequently, the cell layer
was washed once with PBS and incubated with 5 ml of 10 mM EDTA in PBS for
approximately 1 h to detach the cells. The cell number was determined, and cells
were washed twice with cold PBS. A total of 3 � 107 cells were resuspended in
300 �l MB�� buffer (MB with 100 �g/ml DNase I [Sigma, Steinheim, Germany]
and 5% [vol/vol] Complete protease inhibitor cocktail [Roche, Mannheim, Ger-
many]) (MB buffer consists of 20 mM morpholineethanesulfonic acid, 150 mM
NaCl, 1% [wt/vol] Brij 98, 0.02% [wt/vol] NaN3, pH 6.5) and kept on ice. After
incubation for 16 h, the volume was adjusted to 500 �l with MB�� buffer and
incubated for 5 min at 37°C. The sample was mixed with 500 �l 90% sucrose,
overlaid with a linear (40 to 10%) sucrose gradient, and centrifuged in an SW41
rotor at 35,000 rpm for 20 h at 4°C. Fractions of 1 ml were collected from the top
of the tube, and the pellet was resuspended in 1 ml MB� buffer (MB�� without
DNase I). Aliquots (10 �l) from each fraction were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a poly-
vinylidene difluoride membrane. The H and F proteins of CDV were detected by
peptide-specific rabbit antisera (50); human Lamp-2 and human flotillin-2 were
detected by commercial primary antibodies (Becton Dickinson, Heidelberg, Ger-
many). Anti-mouse IgG conjugated with horseradish peroxidase or anti-rabbit
IgG conjugated with horseradish peroxidase (DAKO Cytomation, Glostrup,
Denmark) served as secondary antibodies. Proteins were visualized using BM
chemiluminescence blotting substrate (POD; Roche) and a ChemiDoc imager
(Bio-Rad).

RESULTS

Depletion of cholesterol from cell membranes does not pre-
vent CDV entry. Cholesterol is known to stabilize the tight
packaging and thus the ordered structure of membrane rafts.
To investigate the functional importance of these membrane
domains, cholesterol can experimentally be depleted by M�CD
(38). To demonstrate the efficiency of cholesterol reduction,
we measured the cholesterol content of cellular membranes
following M�CD treatment by using a cholesterol detection
kit. Treatment of Vero cells with 7.5 mM M�CD efficiently
reduced the cellular cholesterol content by about 45% (data
not shown).

To rule out detrimental effects of M�CD on cell viability,
which might result in impaired infection efficiency indepen-
dent of cholesterol reduction, cell viability was measured by
PI staining. Vero cells were treated with increasing concen-
trations of M�CD, prepared for flow cytometry, and stained
with PI. Increasing concentrations of M�CD led to only a
slight augmentation of the number of dead cells compared
to treatment with medium alone (data not shown), indicat-
ing that M�CD treatment had no significant effect on cell
viability.

To investigate if cholesterol is essential for the entry of
CDV-Onderstepoort into cells, we depleted cholesterol from
Vero cells by applying up to 15 mM M�CD and subsequently
infected the cells either with CDV-Onderstepoort or with the
control viruses VSV and IBV, respectively, at an MOI of 0.1.
As shown in Fig. 1A, the efficiency of CDV-Onderstepoort
infection was not reduced when cells were cholesterol depleted
at M�CD concentrations as high as 15 mM prior to infection.
CDV resembled VSV, which is known to infect cells irrespec-
tive of cholesterol depletion (Fig. 1A) (45). By constrast, for
murine hepatitis virus, a dependence on cellular cholesterol for
efficient virus entry has been shown (45). Since this virus does
not grow in Vero cells, we included another coronavirus, avian
IBV, as a control virus. Infection by IBV was reduced by
cholesterol depletion, even at M�CD concentrations as low as
1 mM (Fig. 1A). When Vero cells were pretreated with 7.5 mM

M�CD, the infection efficiency of IBV decreased by about
70% as measured by flow cytometry (Fig. 1A). These results
were confirmed by fluorescence microscopy for all three vi-
ruses tested (Fig. 1B).

To rule out the possibility that infection of Vero cells after
cholesterol depletion is MOI dependent, cells were pretreated
with medium or 7.5 mM M�CD and subsequently infected at
MOIs ranging from 0.1 to 0.001. The efficiency of IBV infec-
tion of M�CD-treated cells was reduced for every MOI tested,
while the infection efficiencies of VSV and CDV-Onder-
stepoort remained unchanged as determined by flow cytometry
(Fig. 1C, compare the dashed line with the continuous line in
every graph). These results were confirmed by fluorescence
microscopy and were additionally quantified by plaque assays
at an MOI of 0.001, which also revealed a 75% reduction for
IBV but no significant reduction for CDV or VSV, respectively
(Fig. 1D). We therefore conclude that CDV-Onderstepoort
infection is independent of plasma membrane cholesterol.

Receptor usage does not affect the cholesterol independence
of CDV entry. The only known CDV receptor is SLAM (43).
SLAM is expressed in subsets of lymphocytes and on some
macrophages/monocytes (8, 41, 44). The CDV-Onderstepoort
strain has a long passage history in Vero cells, which are of
epithelial origin and have been shown not to express SLAM
(10). Thus, entry of CDV-Onderstepoort into Vero cells is
mediated by a different receptor.

To investigate whether SLAM-mediated CDV entry is also
independent of cellular cholesterol, we used the recombinant
CDV wild-type strain (CDV-5804P) which had been modified
by reverse genetics to express eGFP (47). As expected from
results obtained with the virulent strain CDV-5804P(wt),
which does not express eGFP (49), only a few eGFP-expressing
cells were observed when Vero cells were inoculated with
CDV-5804P, whereas Vero-SLAM cells were infected with
high efficiency (Fig. 2A). Thus, CDV-5804P obviously infects
Vero-SLAM cells almost exclusively by using SLAM as recep-
tor. Vero-SLAM cells were then pretreated with increasing
M�CD concentrations; infected with either CDV-Onder-
stepoort, CDV-5804P, VSV, or IBV; and analyzed for infec-
tion efficiency as before. Since infection of Vero-SLAM cells
with either CDV strain resulted in a strong cytopathic effect,
including cell lysis, which made quantification by flow cytom-
etry difficult, the effect of cholesterol depletion was determined
using fluorescence microscopy. As shown in Fig. 2B, infection
with CDV-5804P was not affected by pretreatment of the cells
with 7.5 mM M�CD, independently of the MOI used. When
infections by CDV-Onderstepoort, IBV, or VSV were ana-
lyzed by fluorescence microscopy, the same results as for Vero
cells were obtained (Fig. 1A; also data not shown). These
results demonstrate that CDV entry is independent of cellular
cholesterol regardless of whether SLAM or a still unidentified
receptor on epithelial cells is used.

Depletion of cholesterol from the viral envelope impairs
CDV infection. To analyze whether cholesterol in the CDV
envelope is necessary for virus entry, we depleted virions by
M�CD treatment prior to infection. VSV was included as a
control, since it is known to bud from nonraft membrane re-
gions (7, 33). As shown in Fig. 3A, CDV-Onderstepoort infec-
tion was inhibited by cholesterol depletion as determined by
flow cytometry. Interestingly, VSV infection was somewhat

4160 IMHOFF ET AL. J. VIROL.



enhanced by M�CD concentrations between 1 and 3 mM.
However, M�CD concentrations higher than 5 mM resulted in
decreased infection efficiency even for VSV. These results
were confirmed by fluorescence microscopy (data not shown).

To demonstrate that the decrease in CDV-Onderstepoort
infection efficiency was caused by the reduced cholesterol con-
tent in the virus envelope, we attempted to reverse the effect by

supplementing with exogenous cholesterol. Addition of 100
�M cholesterol after depletion with 5 mM M�CD restored
CDV infection efficiency to almost 80% as demonstrated by
flow cytometry (Fig. 3B) and fluorescence microscopy (data
not shown). These observations indicate that the interaction of
CDV with target cells is dependent on cholesterol in the virus
envelope.

FIG. 1. Effect of cholesterol depletion of Vero cells on CDV-Onderstepoort infection. (A and B) Effect of cholesterol depletion of Vero cells
by increasing M�CD concentrations on CDV infection efficiency. Vero cells were depleted of cholesterol by increasing M�CD concentrations for
30 min at 37°C and were subsequently infected with CDV-Onderstepoort (squares), VSV (circles), or IBV (triangles). VSV and IBV samples were
prepared for quantification by flow cytometry (A) or fluorescence microscopy (B) 1 day postinfection, and CDV-Onderstepoort samples were
prepared 2 days postinfection. Infection rates without M�CD obtained by flow cytometry were set to 100%. Results are means from three
independent experiments with standard deviations. Asterisks indicate significance (P � 0.05) by the t test. (C) Effect of cholesterol depletion of
Vero cells by 7.5 mM M�CD on CDV-Onderstepoort, IBV, or VSV infection at different MOIs. Vero cells were either treated with medium or
cholesterol depleted by treatment with 7.5 mM M�CD and were subsequently infected with increasing MOIs of CDV-Onderstepoort, IBV, or
VSV. Quantification was done by flow cytometry. Results are means from three independent experiments with standard deviations. Asterisks
indicate significance (P � 0.05) by the t test. (D) Vero cells were treated with medium or 7.5 mM M�CD prior to infection with CDV-
Onderstepoort, IBV, or VSV at an MOI of 0.001. Plaque numbers were counted and set to 100% for untreated samples. Results are means from
three independent experiments with standard deviations. Asterisks indicate significant values (P � 0.05) by the t test.
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Syncytium formation by CDV is reduced upon depletion of
cellular cholesterol. The importance of cholesterol for the
fusion activity of CDV was determined by measuring the effect
of depletion of cellular cholesterol on the ability of the viral
glycoproteins H and F to form syncytia. Vero cells were in-
fected with CDV or VSV at an MOI of 0.1, and in order to
prevent cholesterol replenishment during the time necessary
for viral replication, cells were maintained in delipidized serum
and 10 �M mevastatin, an inhibitor of cholesterol synthesis, as
well as 25 �M of the metabolic intermediate mevalonolactone,
to prevent shutdown of all metabolic pathways downstream of
the mevastatin block. Cells were prepared for fluorescence
microscopy 1 and 2 days postinfection and were analyzed for

syncytium or plaque formation, respectively. As shown in Fig.
4A (top panels), Vero cells grown under cholesterol starvation
conditions showed the same microscopic appearance as Vero
cells grown under normal conditions, and cell viability re-
mained within the normal range as determined by flow cytom-
etry after PI staining (data not shown). VSV replication was
not inhibited (Fig. 4A), and plaque formation 1 (Fig. 4A) and
2 (data not shown) days postinfection was similar in cholesterol-
depleted and normal cells. In contrast, the level of syncytium
formation by CDV-infected cells was strongly reduced in cho-
lesterol-depleted Vero cells, as shown in Fig. 4A. By quantifi-
cation, we measured a 78% reduction in the number of syncy-
tia and a 68% reduction in the number of nuclei per syncytium

FIG. 2. Effect of cholesterol depletion of Vero-SLAM cells on infection with CDV-5804P. (A) CDV-5804P infection of Vero cells and
Vero-SLAM cells. Vero cells and Vero-SLAM cells were infected at an MOI of 0.1 and fixed 1 day postinfection. Infection was monitored by
fluorescence microscopy. Results are representative of three independent experiments. (B) Infection efficiency of CDV-5804P for cholesterol-
depleted Vero-SLAM cells. Vero-SLAM cells were treated with medium or 7.5 mM M�CD prior to infection with CDV-5804P at an MOI of 0.1,
0.01, or 0.001. Infection efficiencies were monitored by fluorescence microscopy. Results are representative of three independent experiments.

FIG. 3. Role of CDV-Onderstepoort envelope cholesterol in infection. (A) Infection efficiency of cholesterol-depleted CDV on Vero cells.
Envelope cholesterol of CDV or VSV was depleted by treatment with increasing M�CD concentrations, and these viruses were subsequently used
to infect Vero cells. The number of infected cells was measured by flow cytometry 1 day postinfection. Infection rates without M�CD were set to
100%. Results are means from three independent experiments with standard deviations. Significant values (P � 0.05) by the t test are indicated
by asterisks for CDV and by number signs (#) for VSV. (B) Infection efficiency of cholesterol-depleted CDV after replenishment with exogenous
cholesterol. CDV was cholesterol depleted by treatment with 5 mM M�CD. Prior to infection of Vero cells, cholesterol was replenished by
increasing concentrations of exogenous cholesterol. Infection efficiencies were determined by flow cytometry 1 day postinfection. Infection rates
for control virions, treated neither with M�CD nor with cholesterol, were set to 100%. Results are means from three independent experiments
with standard deviations. Asterisks indicate significant values (P � 0.05) by the t test.
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in cholesterol-depleted cells 1 day postinfection (Fig. 4B). Syn-
cytium formation in Vero cells transfected with pCG plasmids
carrying the CDV H and F genes was also significantly reduced
(data not shown). If mevastatin was administered without me-
valonolactone, cell morphology 2 days postinfection was
slightly altered and syncytium formation in CDV-infected cells
was decreased compared to that in untreated cells (data not
shown). These findings indicate that cholesterol is also needed
for downstream events during viral replication.

CDV envelope proteins partition into cellular DRMs. The
functional role of cholesterol for CDV attachment/fusion sug-
gests an association of the envelope proteins with cellular
membrane rafts. To obtain experimental evidence, DRMs of
CDV-infected Vero cells were isolated by lysis with 1% Brij 98
and subjected to linear sucrose gradient centrifugation. As
shown in Fig. 5, the CDV H and F proteins partitioned into

low-density fractions (fractions 4 and 5) in a pattern similar to
that of flotillin-2, a protein known to be associated with DRMs
(5). In contrast, Lamp, a protein known not to be associated
with DRMs (14), was detected exclusively in high-density frac-
tions (fraction 11).

DISCUSSION

The importance of cholesterol in either the viral envelope or
the target cell membrane has been demonstrated for several
viruses. For HIV and herpes simplex virus, the infection is
sensitive to variations in both the viral and the cellular mem-
branes (4, 12, 18–20, 22), while for some viruses, the critical
importance of cholesterol is restricted to one of the two mem-
branes. Influenza virus (strain WSN) is inhibited only by a
reduction in the cholesterol content of the viral membrane
(39), while the infectivity of ecotropic murine leukemia virus is
exclusively affected by depleting cholesterol from the target
cell (21).

Role of cellular cholesterol in CDV entry. Here, we have
analyzed the importance of cholesterol in viral and cellular
membranes for the entry of a paramyxovirus. We found that
cholesterol reduction in the viral membrane decreased CDV
infectivity, whereas changes in the plasma membrane of the
target cell did not affect infection with CDV. To rule out
artifacts, we included two control viruses: VSV, which is known
to retain infectivity following depletion of cellular cholesterol
prior to infection (34, 45), as a negative control and IBV as a
positive control. IBV, the type species of the genus Coronavi-
rus, which belongs to antigenic group III, was chosen because
of its relationship with murine hepatitis virus, an antigenic

FIG. 5. Distribution of the CDV envelope proteins in DRMs.
CDV-infected Vero cells were lysed in 1% Brij 98 and subjected to
linear sucrose gradient centrifugation. Aliquots of the gradient and
pellet (P) fractions were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. The CDV proteins H and F as well as
the cellular proteins Lamp-2 and flotillin-2 were detected by Western
blot analysis.

FIG. 4. Effect of cholesterol depletion of cells during the course of CDV infection on syncytium formation. (A) Syncytium formation of CDV
grown on Vero cells under cholesterol starvation conditions. Vero cells either were infected with CDV or VSV or were mock infected as a control.
One hour postinfection, cells were cholesterol depleted by incubation with M�CD following treatment with mevastatin and mevalonolactone and
addition of delipidized FCS to prevent replenishment of cholesterol. Alternatively, cells were medium treated and subsequently provided with a
medium containing normal FCS. VSV-infected cells were fixed and prepared for immunofluorescence 1 day postinfection; CDV-infected cells were
prepared 2 days postinfection. Images are representative of three independent experiments. (B) Quantification of syncytium formation following
CDV-Onderstepoort infection. The size and number of syncytia were determined following CDV-Onderstepoort infection of Vero cells grown
normally or under cholesterol starvation conditions during the course of infection. Syncytia were defined as cells with more than three nuclei. The
size of syncytia was defined as the number of nuclei per cell and the amount as the number of syncytia per counting square. Results are means
from five counting grids from three independent experiments, with standard deviations. Asterisks indicate significant (P � 0.05) values by the t test.
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group II coronavirus, whose sensitivity to cholesterol depletion
of the target cell membrane has been demonstrated (45). In
contrast to the murine virus, IBV strain Beaudette replicates
efficiently in Vero cells, thus permitting a direct comparison of
all the viruses used in our study. Our initial characterization
of this virus confirmed its sensitivity to cholesterol depletion of
the plasma membrane, indicating that this may be a general
feature of coronaviruses.

The sensitivity of a virus to cholesterol depletion from the
target cell membrane may be explained by an association of
virus receptors with cholesterol-enriched microdomains or
DRMs. In the case of HIV, the attachment receptor, CD4, is
located in DRMs, and the secondary receptors enabling the
fusion reaction, CXCR4 and CCR5, have been shown to be
recruited into such microdomains after the binding of HIV (22,
28). Whether or not SLAM resides in DRMs has not yet been
analyzed. The cholesterol-independent infection of the wild-
type strain CDV 5804P, mediated via SLAM as a receptor, as
well as that of the vaccine strain CDV-Onderstepoort, medi-
ated via a still unidentified receptor, suggests that both cellular
receptors used are not located in cholesterol-enriched mi-
crodomains.

Role of envelope cholesterol in CDV entry. In contrast to our
finding regarding the target cell membrane, cholesterol deple-
tion from the viral envelope had a significant effect on CDV
infectivity. Again, VSV served as a negative control, because
reducing the cholesterol content in the viral membrane was not
expected to decrease infectivity, for the following reasons: (i)
VSV contains only a minor amount of lipids in DRMs (31, 33);
(ii) VSV buds from nonraft domains (7); and (iii) the surface
protein G is not located in DRMs (9, 26, 33, 46). In fact,
treatment with low concentrations of M�CD even enhanced
infectivity twofold. This finding suggests that the microenvi-
ronment of the G protein is changed after cholesterol deple-
tion and that this, in turn, may be responsible for the increase
in infectivity. However, at high M�CD concentrations, infec-
tion efficiency was decreased compared to that of untreated
virus. A similar effect has also been reported for HIV and
simian immunodeficiency virus; it was explained by perforation
of the viral membrane and subsequent loss of the genome (12).
The effect of M�CD on CDV cannot be explained by perfo-
ration of the viral envelope, because the reduction in infectivity
was already observed at lower drug concentrations. Further-
more, the inhibitory effect of M�CD was reversible, since ex-
ogenous addition of cholesterol resulted in restoration of in-
fectivity. This observation is not compatible with a perforation
of the viral envelope. Laliberte et al. (16) reported recently
that NDV obtained from cholesterol-depleted cells had re-
duced infectivity. However, when NDV virions were choles-
terol depleted, infectivity was unaffected compared to that of
untreated virions. This is in contrast to our observation with
CDV and may reflect differences between the two viruses.
However, the distribution of NDV HN and F proteins into
DRMs found by Laliberte et al. (16) resembles the distribution
of the CDV H and F proteins. The necessity of virus envelope
cholesterol for efficient cell entry suggests the existence of
membrane rafts in the virus envelope. Since the viral envelope
originates from the cellular membrane during virus assembly,
an involvement of membrane rafts during the CDV assembly
and budding step is probable. The incorporation of the CDV

envelope proteins into DRMs, shown here, as well as the
strong evidence for membrane rafts being the assembly site for
NDV, MV, respiratory syncytial virus, and Sendai virus (1, 11,
13, 16, 24, 46), also supports this idea.

Role of cholesterol in late steps in CDV replication. The
importance of viral envelope cholesterol for CDV infectivity
and a role for cholesterol during CDV assembly are also sup-
ported by the results of our functional assay, which showed that
cholesterol depletion from cellular membranes harboring the
CDV envelope proteins resulted in decreased syncytium for-
mation. This effect was observed for infected cells as well as for
cells transfected with plasmids harboring the genes coding for
CDV envelope proteins H and F. The results can be explained
by localization of one or both of the viral envelope proteins in
cholesterol-enriched microdomains. In agreement with this, we
showed that both proteins partially partitioned into DRMs. A
partial association of the envelope proteins with DRMs has
also been shown for other paramyxoviruses, namely, MV, res-
piratory syncytial virus, Sendai virus, and NDV (1, 9, 13, 16, 24,
25, 46), and for other viruses such as influenza virus (42).

Incorporation of the envelope proteins into DRMs or inter-
action with cholesterol may be necessary for virus entry for
several reasons. For influenza virus it has been shown that
depletion of cholesterol from the viral envelope reduces infec-
tivity (39) and that this effect was caused by inhibition of the
fusion activity, whereas the attachment process and endocy-
totic uptake were not affected (39). Alternatively, cholesterol
may be necessary for the correct conformation of proteins, as
has been shown for the chemokine receptors CXCR4 and
CCR5 (29, 30). CDV-induced fusion, as well as the correct
conformation of the CDV envelope proteins, may depend on
cholesterol. Membrane rafts are also known to exert a concen-
trating effect on proteins by including some while excluding
others. Influenza virus relies on membrane rafts to concentrate
the HA protein to efficiently mediate fusion (42). For measles
virus, it has been shown that the F protein drags the H protein
in membrane rafts (46). In the case of morbilliviruses, mem-
brane rafts may accumulate the virus envelope proteins,
thereby facilitating the close contact between the proteins nec-
essary for a fusion process to occur. In addition, cholesterol
may favor a special conformation of the CDV envelope pro-
teins. Efficient attachment/fusion, either during virus entry into
a cell or during syncytium formation, might be dependent on a
membrane raft environment that brings the proteins into close
contact and that may support molecular interactions. This con-
centrating effect of the CDV proteins might also be beneficial
during the assembly process.

We have shown that cholesterol depletion of the viral enve-
lope reduces the infectivity of CDV and that CDV-induced
syncytium formation in cholesterol-depleted cells is also re-
duced. This may be due to the involvement of cholesterol in
the maintenance of membrane rafts, which also harbor the
CDV envelope proteins H and F.
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